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This paper presents a novel and rigorous approach to the analysis of the impact of rainfall on road trafﬁc
accidents in urban areas. It is argued that previous approaches to rainfall quantiﬁcation for accident anal-
ysis, primarily using a representative surface meteorological station to represent an urban area, may not
give an accurate record of the conditions across the city in question. Using an innovative city-wide
weather radar approach to rainfall quantiﬁcation and matched-pairs analysis, road accidents in the UK
cities of Manchester and Greater London are examined over a 3-year baseline period (2008–2011). A
comparative study is made over the same period used a traditional station-based approach. The resulting
relative accident rates demonstrate divergence between the two cities and the two approaches. Although
the stricter criteria for a rain event under the weather radar approach gives an increased RAR in Manches-
ter, the RAR observed under these conditions decreases in Greater London. Reasons for the variation in
RAR are explored and include trafﬁc volume and speed, other coincident weather conditions and driver
behaviour, in accordance with Elvik’s (2006) laws of accident causation. It is argued that the approach
described in this study offers signiﬁcant improvements to the analysis of current weather-related acci-
dents by giving a more representative measure of rainfall in urban areas.
 2013 Hong Kong Society for Transportation Studies. Published by Elsevier Ltd. All rights reserved.Introduction
Rainfall is consistently cited as the weather type responsible for
the greatest number of weather-related accidents (Edwards 1999;
Qiu and Nixon 2008). Rain causes accidents through a combination
of several physical effects that degrade the driving environment,
including a loss of friction between the tyre and road and impaired
visibility through rain on the windshield and spray from other
vehicles. It is this combination of negative factors (Fridstrom
et al., 1995) and the resulting strain on cognitive capacity (Elvik
2006) that leads to increased accident rates.
Previous studies investigating the inﬂuence of rainfall on road
accidents have concentrated on cities and urban areas (e.g. Andrey
et al. 2003; Hambly et al. 2013). This focus is justiﬁable due to the
relative and increasing importance of cities as the world becomes
increasingly urbanised. Over 50% of the world’s population now
live in urban areas, a ﬁgure which has been projected to rise to
67% worldwide by 2050 and 86% in more developed regions
(United Nations, 2012). As a result there has been a growing
research agenda around studies on urban areas across the sciences,
including a particular focus on cities by the climate change impact
community (e.g. Hall et al. 2010).ociety for Transportation Studies. P
g, the University of Birming-
oszweski).Although improved vehicle design and driver training have led
to reductions in weather-related accident rates across the devel-
oped world in recent decades (Qiu and Nixon 2008; Andrey
2010), the growing urbanisation and projected increase in extreme
weather events (in particular rainfall: IPCC, 2007) makes an effec-
tive approach for rain-related accident analysis essential. However,
as will become clear there are currently several key weaknesses in
the way that current city-based accident analysis is carried out.
The following section reviews the current literature on the effect
of rainfall on road accidents.Rainfall and road accidents in cities
The effect of rainfall is usually expressed through relative acci-
dents rates (RARs), the ratio of accidents recorded during a precip-
itation event to those during normal conditions. The matched pairs
approach is commonly employed to determine RARs, and works on
the basis that within a given area, the accidents observed (usually
through police reports) during a period experiencing rain can be
compared with a corresponding dry period. This is usually
achieved by comparing a period exactly a week preceding or fol-
lowing the event, with the assumption being that other factors
such as volume of trafﬁc, driver demographic and light conditions
will be broadly similar. Table 1 displays the relative accident rates
obtained from several city-based studies, in these cases varying be-
tween 1.2 and 2.0.ublished by Elsevier Ltd. All rights reserved.
Table 1
Relative accident rates from previous studies.
Study Location Period Relative accident rate
Smith (1982) Glasgow, Scotland 1978–1979 1.2–1.3
Andrey and Olley (1990) Edmonton, Cananda 1983 1.3–1.9
Andrey and Yagar (1993) Alberta, Canada 1979–1983 1.7
Changnon (1996) Chicago, USA 1977–1979 2.0 (30% more accidents in densely populated areas)
Andrey et al. (2003) Various mid-sized Canadian cities 1995–1998 1.75
Keay and Simmonds (2006) Greater Melbourne, Australia 1987–2002 1.61–1.67
Hambly et al. (2013) Greater Vancouver, Canada 2003–2007 1.13–1.55
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the particularities of the cities or regions in question and the his-
torical period of the study. Broadly speaking, more recent studies
show lower RARs due to aforementioned safety and driver training
improvements (Andrey 2010). Differences between locations are
attributed to factors such as road design, lighting, speed limits, dri-
ver training and frequency of exposure to rainfall (Fridstrom et al.,
1995; Elvik 2006). It has also been shown that greater rainfall
intensities lead to higher RARs and injury rates (e.g. Hambly
et al. 2013). However, there are several longstanding methodolog-
ical difﬁculties that call into question the validity of RARs obtained
in urban areas and make direct comparison between studies extre-
mely difﬁcult.
One of the biggest problems in urban studies is the lack of rep-
resentative meteorological station observations at suitable spatial
and temporal resolutions. Urban areas have distinct microclimatic
features attributable to their material and topographical properties
as well as associated human activities such as transport and indus-
try. This is most well known through the ‘urban heat island’ effect
where urban areas have higher temperatures than surrounding
non-urbanised areas (Oke, 1973). However, urban activity also
leads to local effects on precipitation such as rainfall suppression.
Aerosols in urban areas which have hygroscopic properties allow
water in the atmosphere to be carried in a greater number of
smaller droplets which do not precipitate out of the atmosphere
(Rosenfeld 2000). Although the growing importance of instrumen-
tation of urban areas has been noted (Oke 2006), efforts to implement
urban networks have had mixed success (Muller et al., 2013a).
The relative absence of stations, largely attributable to the failure
of such sites tomeet theWorldMeteorological Organisation’s guide-
lines on meteorological instruments and methods (WMO, 2008;
Muller et al., 2013b), makes obtaining valid RARs difﬁcult. Airports
often provide the closest observations, but as Andrey et al. (2003)
notes these can be as far as 35km away from the city in question.
Even where a city-centre station is available such as the one used
byKeayandSymonds (2006) inMelbourne, the lackof coverage from
a comprehensive city-wide network means the representativeness
of the rainfall situation at any given time is questionable. The station
in question is used to represent an area of almost 9000 km2, within
which large differences in rainfall timing and amount will be ex-
pected. It is clear that a more representative measure of rainfall
would be beneﬁcial for the formation of realistic RARs.
A further methodological issue is that RARs have consistently
been shown to be highly sensitive to the temporal unit of study
(Qiu and Nixon 2008). For example, although Smith (1982) found
accident rates increased by 20–30% on days where rain is observed,
it is conceded that this was likely to underestimate the precipita-
tion impact, given that the days categorised as ‘rainy’ will contain
periods of dry weather. In contrast, Andrey and Yagar (1993) used
a variety of smaller temporal units and hourly rainfall data to
capture more accurately the duration of rain events. Although
the temporal distribution of precipitation within these periods is
likely to vary, it is still clearly a far more accurate method than
using daily data which include large variations in both rain and
trafﬁc volumes. However, the authors of this study concede thatvarying the temporal unit of analysis may allow any short-term
behavioural change due to exposure to an extended rain event to
inﬂuence the results.
These behavioural problems associatedwith the temporal unit of
analysis are highlighted by Eisenberg (2004) who investigated the
mixed effects of precipitation on trafﬁc crashes in the USA. Monthly
and daily unitswere used,with rainfall being evaluated by total pre-
cipitation. A negative and statistically signiﬁcant relationship be-
tween monthly precipitation and monthly fatal crashes is
reported, yet the opposite was found when a daily temporal unit
analysis was employed. When investigated in further detail it was
found that the increase in accident rate for a given rain day was
three times greater if 20 days had passed since the last recordedpre-
cipitation compared with those events which experienced rain in
the previous 2 days. This relates to a study by of Changnon (1996)
in Chicago, who found that rain days during dry months produced
more accidents and injuries than during normal or wet months.
These ﬁndings clearly indicate that short-term behavioural
change is taking place, as described by Elvik’s ‘laws of accident cau-
sation’ (2006). Increased exposure to hazardous conditions allows
drivers more opportunities to learn to cope in these conditions,
hence increasing personal and group resilience. It must also be
noted that physical conditions are also altered by the frequency
of rainfall with long dry spells leading to polished and oily road
surfaces that become hazardous when wet. These behavioural
and physical observations are also important in the context of cli-
mate change, as any change in the frequency of rain events will al-
ter drivers’ abilities to cope in these conditions (in both the short
and long-term) and affect the physical driving conditions. Hence,
it is important to remember that any obtained RAR will be inﬂu-
enced by the temporal unit of study and the particular patterns
of rainfall exposure associated with a given city.
Overview of approach
This study attempts to address the two main methodological is-
sues highlighted in the literature review; the spatial and temporal
representativeness of meteorological data in city-based accident
analysis. Matched pairs analysis is performed on two large UK cities
UK Meteorological (Met) Ofﬁce NIMROD weather radar images di-
rectly over the urban areas to give a more representative measure
of rainfall than station-based approaches. These high spatial
(5 km) and temporal resolution images (1 h) have previously been
used to study the effect of rain of road trafﬁc speeds (Hooper et al.
2012). Although this study considers UK cities, discussion is made
on how the approach andmethods can be applied to any urban area
with available weather radar data, with suggestions on how other
unconventional data could be used in areas without radar coverage.
Locations and data
Accident data
STATS19 accident data (DfT 2011) were obtained for the three
year period of 2008–2011, a time period comparable to other stud-
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driver behaviour and climate. Forms are recorded at the scene of
every road trafﬁc accident in the UK to which a representative of
the police has attended and include information on the location
(longitude and latitude), date, time and weather condition. For
the purposes of this study, the time given on the STATS19 accident
report is taken as the time at which the accident occurred,
although it is accepted that there will be a lag between the acci-
dent and the report (Edwards 1999). Misreporting of weather or
road surface conditions is also a common error, where police
may report the weather condition present at the time of the report
and not the time of the accident. The results of this matched pairs
analysis are then compared to results achieved through a tradi-
tional meteorological station-based approach. By using a relatively
short temporal unit of study (a 3 h rain event was used) and strict
criteria for a rain event it was hoped that the effect of temporal
variations in rainfall would be limited. However, in this study the
weather ﬁeld is only used for the identiﬁcation of locations and
not to inform the matched pairs.Selection of locations
Two criteria were set for selection of urban areas: (i) that they
accounted for a large share of the national urban road trafﬁc acci-
dent total (ii) that they displayed a difference in climatology that
could be used to examine potential behavioural effects of exposure.
A Geographical Information System (GIS) was used to delineate the
urban area of 12 UK cities at a 5 km grid square resolution (Fig. 1).
Totals for accidents with rain recorded as a meteorological param-
eter were ascertained from STATS19 accident data. London and
Manchester were chosen in order to provide a large number of re-
cords as well as differences in annual rainfall. Although Birming-Fig. 1. Map showing the 12 considered study location collection areas and corresponding
cities in red). (For interpretation of reference to color in this ﬁgure legend, the reader isham was considered for analysis, gaps in the meteorological
station data set prevented its inclusion.
Meteorological data
Hourly NIMROD weather radar images were obtained at a 5 km
Cartesian grid scale for the period of 2008–2011. The images are
derived from data captured by a network of ‘C-band’ rainfall radar
stations which is processed by the UK Meteorological (Met) Ofﬁce
NIMROD system. Scans at various elevations at each site are con-
ducted giving an estimate of rainfall at the ground. The validity
of these estimates is checked routinely using rain gauges at ground
level. The radar coverage area, based on the urban area of the cities
is given in Figs. 2 and 3. Conventional meteorological station data
for rainfall were obtained from the Met Ofﬁce’s MIDAS network of
surface meteorological stations (accessed through the British
Atmospheric Data Centre). Stations were chosen to represent the
urban areas of Manchester and Greater London: ‘Hulme Library’
for Manchester and ‘St James’s Park’ for Greater London Figs. 2
and 3. Rainfall for these stations is recorded at hourly intervals.
Methodology
To address the problems associated with large temporal units of
analysis, such as the variability of precipitation intensity, whilst
still allowing for a large number of accident records, a rain event
period of 3 h was deemed appropriate, and has previously been
used in a study by Keay and Simmonds (2006). Criteria were set
to ensure that each selected rain event covered the majority of
the urban areas. For the purposes of this study a 3 h period is con-
sidered a rain event if in excess of 70% of grid squares receives be-
tween 0.5 and 4 mm/hr for all 3 h (approximately corresponding totable showing number of accidents recorded under rain conditions in 2010 (selected
referred to the web version of this article.)
Fig. 2. Map showing Greater Manchester urban area, meteorological station location and radar coverage (5 km grid scale).
Fig. 3. Map showing Greater London urban area, meteorological station location and radar coverage (5 km grid scale).
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categories). Fig. 4 shows an example of this rain event identiﬁca-
tion process for Manchester. Dry events are classiﬁed as 3 h periods
where no precipitation is captured by the radar images.
Matched pairs were selected if a suitable dry day was available
exactly one week before or after a rain event. Matched pairs
including a public holiday or weekend were unusable, as trafﬁc
volume and road user demographic were likely to differ consider-
ably. Additionally the ability to change travel plans in the presenceof weather is likely to be greater on these days. The matched pairs
were selected from weekdays between the hours of 7:00 and
20:00. The timings were chosen to reduce the inﬂuence of low traf-
ﬁc volumes later at night, while still providing a large number of
potential match pairs. However, it must be mentioned that this
period will still have temporal variations in the ability to reduce
exposure. The number of accidents that occurred during the 3 h
period for both the rain and non-rain events of the matched pair
was ascertained using ArcGIS. A spatial join was created between
Fig. 4. Nimrod analysis for Manchester on 2nd November 2010.
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19 records for the 3 h in question based on the time recorded in the
police accident reports. By ﬁnding an accident total for both rain
and non-rain events over the study period for each of the three cit-
ies it was possible to derive RARs. This was repeated using station
data, with the same criteria for rainfall amount. In both cases only
one rain event was selected per day, that being the ﬁrst 3-h rain
event that occurred.
Results
Conventional station-based matched pairs analysis
The RARs for the study cities using the rainfall radar and station
approaches are given in Table 2. The RAR is greater than unity in
both cities using the conventional station-based approach suggest-
ing that rainfall consistently represents a driving hazard. For Man-
chester, the relative accident rate of 1.5 implies that proportionally
1.5 accidents occur during rain events for every 1 accident during
an equivalent dry spell. London has a lower RAR of 1.18. By using
these RARs the number of accidents over the 3 year period attrib-
uted to sustained rained events can be estimated (Table 2).The relative accident rates obtained though the station-based
approach are comparable with those in the literature (Table 1). A
parallel can be drawn with the Melbourne study by Keay and Sim-
monds (2006) which also used 3-h temporal unit and consistently
produced a larger RAR than a comparative analysis using a daily
categorisation of rain events. The closest comparable RAR in the lit-
erature comes from Smith’s (1982) study in Glasgow. It is conceiv-
able that the behaviour and attitude of drivers (partly determined
by frequency of exposure to rainfall), road design and driver train-
ing will be similar to that of the cities investigated in this study.
However, both the age of the study and the daily unit of analysis
make direct comparison difﬁcult.
A potential reason for the low RAR in London is the larger num-
ber of overall road accidents due to the size of the city. This is likely
to reduce the inﬂuence of outlying matched pairs associated with
the random variation in accident numbers common in small spatial
and temporal sample sizes. It must also be noted that London is the
largest and busiest city with the lowest average speeds in the
study. This would agree with the results of Edwards (1998) who
found the severity of accidents were lower in urban areas where
average speeds are lower (although better road lighting is also sta-
ted as a factor).
The observation that Manchester has both the highest annual
rainfall and RAR and London the lowest annual rainfall and RAR
(during rain events) appears to contradict the Elvik’s behavioural
laws (2006). However, there are potential reasons why Elvik’s laws
may not hold true in this study. Firstly, the UK has a wet climate
and experiences a large proportion of rain days (Manchester expe-
riences 141 rain days a year), making this a common driving con-
dition. The increase in RAR in Elvik’s example of snow and ice
covered roads in Sweden only arises at relatively low exposure lev-
els. It may be true that a point exists at which a developing compe-
tency at managing a hazard is impinged by complacency. The
concept that exposure increases the ability of a driver to manage
a hazard necessitates that rain is seen and treated as a hazard by
drivers. Its prevalence in the UK may mean this is not in fact the
case. Secondly, if Elvik’s laws are to be considered for this study
it must be assumed that motorists driving in the rain events have
been regularly subject that that city’s hazard exposure level. This
cannot be said with any certainty.
Radar-based matched pairs analysis
In comparison with the results from the traditional station-
based approach, the RARs obtained from the weather-radar ap-
proach diverge considerably. It must be noted that for both cities
the number of matched pairs reduces when using the weather ra-
dar data (Table 2). The number of viable matched pairs reduces
from 45 to 32 in Manchester and from 26 to 15 in Greater London.
This is to be expected as the criteria for rainfall amount must be
met for the majority of grid squares in the cities over the 3-h per-
iod, as opposed to a single site in the weather station approach.
In Manchester the RAR increases from 1.5 under the station-
based approach to 1.82 when using weather-radar data. This
would appear to be logical considering characteristics of the two
approaches. Although the stations question is situated in central
Manchester and hence more representative than those used in
several other studies, it will only give the meteorological condi-
tions at one site, with the potential for large parts of the city to
experience concurrent dry-periods. If rainfall increases RARs, then
it should be expected that a rain event that is known to cover the
majority of the urban area should produce higher RARs.
However, the result from Greater London shows a reduction in
RAR from 1.18 to 0.97, indicating a marginal reduction of accidents
during rainfall. Although this number is close to the already
marginal ﬁgure given by the station approach, the lower RAR is
Table 2
Summary of matched pair accident counts, relative accident rates and estimated
accident attributable to rainfall.
Location Number of
matched pairs
Accident count
(rain/non-rainfall)
RAR Accident
attributed to
rainfall
Station rainfall
Manchester 45 111/74 1.5 37
London 32 393/334 1.18 59
Radar rainfall
Manchester 26 80/44 1.82 36
London 15 176/181 0.97 5
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may be due to the relatively small number of matched pairs used
in the ensemble, exacerbated by the strict criteria given for the ra-
dar approach. However, this result may be explained through the
previously mentioned characteristics of urban road travel in Lon-
don, which is slower and more congested than in Manchester
and may prevent accidents associated with loss of control and vis-
ibility at high speeds. It may also be the case that the greater pro-
vision of public transport in London may facilitate modal shift in
periods of inclement weather.Discussion
Accident relationships
The use of weather radar images for city-based accident analy-
sis has been demonstrated to be an alternative to conventional
data, and offers considerable improvements to the accuracy and
representativeness of rainfall used to determine matched pairs.
As with all road accident analysis studies the quality of the ﬁndings
are somewhat limited by the reliability of the data. The previously
reported lag between the time of an accident and the time of the
police report (Edwards 1999) will have undoubtedly affected this
study. Consideration was given to the idea of correcting the time
by a factor to account for this error. However, without knowing
this average attendance time any compensatory attempts would
be speculative and arbitrary. It must be remembered that any
biases for or against reporting accidents under different conditions
are implicit in the matched pairs approach. For example, it is con-
ceivable that drivers will be less likely to wait for police to arrive
after a minor incident if the weather is inclement. This is the same
for other changes such as the decision of drivers to postpone or
cancel their journeys during periods of rain, which may have the
effect of reducing exposure during these periods.
Another factor which is very difﬁcult to normalise for is other
coincident weather conditions and the effect they might have on
accident rate. Ice, for example, is seen to have a large effect (Elvik
2006). It is possible that further ﬁltering could be achieved with
the use of observations from surface stations. The study could also
disaggregate for time of day and season, as these have been shown
to inﬂuence RAR (Changnon 1996; Keay and Simmonds 2004).
The spatial and temporal criteria set for a rain event in this
study limited the number of matched pairs compared to a station
approach. As a result all accident types (property damage only,
minor injury, serious injury) were included to obtain as large an
accident count as possible. It also dictated the use of a single cate-
gory for rainfall amount. Although the aim of this study was to
compare a conventional and alternative approach under identical
criteria rather than investigate the impact of rainfall intensities
on RARs or injury rates, this would be possible using the weather
radar approach. However, this would likely require a longer period
of study than the 3 years used in this analysis.Further application
In theory, this approach can be applied to any area with weath-
er-radar coverage, which will include most developed countries.
However, there are also emerging techniques that can be used to
create similar precipitation estimates in areas without coverage.
For example, Overeem et al. (2013) demonstrate that mobile-
phone networks can be co-opted to create analogous data. As rain-
fall affects the way in which electromagnetic radiation travels
through the air, by measuring the strength of the microwave sig-
nals that base stations use for communication it is possible to pro-
duce estimates of rainfall. The fact that mobile networks are most
widespread in cities and that the past decade has seen a rapid
growth in coverage in developing countries offers a potentially
useful untapped source of data. This trend, twinned with existing
weather radar coverage means that the approach described in this
study can potentially be used for accident analysis in any urban
area. Indeed, these data would be applicable to any investigation
that requires high resolution rainfall data over an urban area.
The weather radar approach could form a useful component for
climate change impact assessment in cities. The assessment of po-
tential climate change impacts on transport is a ﬁeld of research in
its infancy, and it has been noted that signiﬁcant work is required
to develop quantitative assessment methods and frameworks
(Koetse and Rietveld 2009; Jaroszweski et al., 2010). Among those
studies that have attempted quantiﬁcation there has been a focus
on road transportation, particularly on the impact on weather-
related accidents in cities (e.g. Andersson and Chapman, 2011;
Hambly et al., 2013). However, the present-day RARs used to
extrapolate the impact of climate change suffer from the same
methodological problems associated with cities as mentioned
previously. A move towards weather radar techniques would
improve the accuracy of this component of the assessments and
would beneﬁt from using the same spatial grid scale as existing
climate projection tools. For example the UKCP09 Weather
Generator (Jones et al., 2009) could be used for city-based studies
such as Hambly et al. (2013) or be used to project change over
wider regions such as in Jaroszweski et al. (2013) study on road
freight accidents in the UK.Conclusion
This study demonstrates an alternative approach to weather-re-
lated accident analysis in cities and urban areas. Of the two cities
studied, Manchester demonstrates the expected trend in a move
away from a station-based approach to the use of weather radar
images, with RARs increasing from 1.5 to 1.82. However, the result
from London shows minor reduction in RAR under the radar-based
approach. Although both station and radar RARs are marginal, and
come from relatively small sample sizes, the results may indicate a
differences in the nature of urban road travel in the cities based on
both on trafﬁc volume and speed, but also the behavioural re-
sponses of drivers in terms of modal shift and journey alterations.
It is argued that the approach described in this paper offers sig-
niﬁcant advantages over traditional station-based analyses,
namely a better representation of rainfall over the urban area
and ﬁner spatial and temporal resolutions. Although this study is
based on cities in the UK, the approach is applicable to any other
urban area with comparable data, either from weather radar
images or other unorthodox sources. The growth in urban popula-
tions along with the projected increase in extreme weather events
due to climate change is likely to make weather an increasingly
signiﬁcant road accident hazard. The approach described in this
paper is a potentially useful addition to future climate change im-
pact assessments in these areas and may aid adaptation actions.
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